We investigate the phenomenology of the Higgs sector of the minimal B − L extension of the Standard Model at a future e + e − Linear Collider. We consider the discovery potential of both a sub-TeV and a multi-TeV machine. We show that, within such a theoretical scenario, several novel production and decay channels involving the two physical Higgs states, precluded at the LHC, could experimentally be accessed at such machines. Amongst these, several Higgs signatures have very distinctive features with respect to those of other models with enlarged Higgs sector, as they involve interactions of Higgs bosons between themselves, with Z ′ bosons as well as with heavy neutrinos. In particular, we present the scope of the Z ′ strahlung process for single and double Higgs production, the only suitable mechanism enabling one to access an almost decoupled heavy scalar state (therefore outside the LHC range).
I. INTRODUCTION
The Standard Model (SM) of strong and Electro-Weak (EW) interactions has passed most of the experimental and theoretical tests performed so far. Among the very few aspects it fails to explain there is the observed pattern of neutrino masses and mixing angles [1] and the way the EW symmetry is broken. The SM means to generate masses for the EW gauge bosons (but the photon) is via EW Symmetry Breaking (EWSB) through the Higgs mechanism. In the minimal realisation of the SM, the Higgs mechanism employs a complex doublet field and it predicts the presence of one scalar particle: the Higgs boson. Up to now, this is an undetected particle of the SM and its properties are still unknown. Therefore, it is not unreasonable to think at modifications of the scalar sector that are still compatible with the precision tests undergone experimentally. The most economical way to modify the scalar sector of the SM is to include one (or more) scalar singlets, either real [2] [3] [4] or complex [5] , whose phenomenology at hadronic and leptonic colliders has been studied in great details, as well as their impact on the precision observables, as the latter are able to constrain the viable parameter space of the extended Higgs sectors (see, e.g., [6, 7] and references therein).
Augmenting the scalar sector solely still does not provide an explanation for the observed pattern of the neutrino masses and mixings. A well motivated framework that remedies such flaws of the SM is its minimal B − L gauged extension [8] [9] [10] [11] , based on the SU(3) C × SU(2) L × U(1) Y × U(1) B−L gauge group. The latter, with respect to the SM, consists of further three right-handed neutrinos (needed for the cancellation of the anomalies related to the new U(1) group) and an additional complex Higgs singlet, responsible for giving mass to an additional Z ′ gauge boson (see [12, 13] for details). By extending the fermion sector, as well as the scalar sector, this model allows for a dynamical generation of the neutrino masses. The scalar sector is now made of two real CP-even scalars (h 1 and h 2 , being h 1(2) the lighter(heavier) scalar, remnant of the Higgs doublet and singlet fields after EWSB), that will mix together, as already well studied in the minimal extensions of the SM with scalar singlets discussed above. Notice that the presence of new coupled matters (neutrinos and a Z ′ ) will alter the properties of the Higgs bosons. Moreover, the scalar mixing angle α is a free parameter of the model, and the light(heavy) Higgs boson couples to the new matter content proportionally to sin α(cos α), i.e., with the complementary angle with respect to the interactions with the SM content -as in the traditional literature of singlet scalar extended 2 SM. Finally, it is important to note that in this model B − L breaking can take place at the TeV scale, i.e., far below that of any Grand Unification Theory (GUT). This B − L scenario therefore has interesting phenomenological implications at present and future TeV scale colliders [12, [14] [15] [16] [17] [18] [19] .
In this work we study the phenomenology of such a model at a future e + e − Linear
Collider (LC) [20] [21] [22] [23] [24] [25] [26] [27] , with a view to outline the machine discovery potential of Higgs bosons. The results shown have been produced using CalcHEP [28] , where standard Initial State Radiation (ISR) functions are implemented, according to the formulae in Refs. [17, 29, 30] . The model had been previously introduced via LanHEP [31] (see Refs. [12, 19] for an exhaustive description). We will present production cross sections for the B − L Higgs bosons, highlighting the differences with respect to the SM case (and other extended models as well), and we will use these results to introduce new Higgs boson signatures at both an International Linear Collider (ILC) [32] and a Compact LInear Collider (CLIC) [33] , with main focus on the gauge-Higgs boson interactions. In general, sub-TeV Centreof-Mass (CM) energies ( √ s = 500 GeV) will be suitable for an ILC, multi-TeV CM energies ( √ s = 3 TeV) will be appropriate for CLIC while the case 1 TeV may be appropriate to both. In all cases, results will be shown for some discrete choices of the Z ′ mass and of the scalar mixing angle α. Their values have been chosen in each plot to highlight some relevant phenomenological aspects.
This paper can be seen as the continuation of the work started in Refs. [12, 17, 18] , where the authors dealt with the other new sectors of this model (i.e., the Z ′ gauge boson and the heavy neutrino ones) and relies on the results of Refs. [13, 34, 35] , where the Higgs parameter space of the minimal B − L model was studied in detail by accounting for all available experimental and theoretical constraints. In this work we decided not to quote the latter, as we are only interested in portraying the gross features of the scalar sector and to highlight the interplay with the other sectors of the model.
In particular, for the discovery potential study we start from the results of Ref. [17] , where the Z ′ properties at a LC were studied in detail. With reference to it, and as its continuation, the main result in this paper is the discovery potential analysis for the simplest new production mechanism for scalar particles in the B − L model, the Higgs boson production in association with the Z ′ B−L boson, with the latter then decaying into muon pairs. Notice that this channel is not suitable for the Large Hadron Collider (LHC) [19] .
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Contrary to that study, we will point out here that backgrounds can be effectively reduced, being the Z ′ → µ + µ − an essential channel, and we will show that a good range in scalar mixing angles can be probed in the first years of LC runs. The discovery potential of the other SM-like channels are not presented, as it is easily deducible from the studies for the SM case by simply rescaling the signal by the appropriate coupling reduction, as we will discuss.
This paper is organised as follows. In the next section we present our numerical results.
For the most interesting case, the Higgs strahlung off Z ′ boson, the LC discovery potential will be studied, for the case of single production and for the resonant double Higgs production. Finally, we conclude in section III.
II. RESULTS
In this section we present our results for the scalar sector of the B−L model at future LCs.
Concerning the single Higgs production, we distinguish the standard production mechanisms (via SM gauge bosons, see [36] ) from the novel mechanisms present in the model under discussion (emphasising in particular the role of the Z ′ gauge boson). For completeness, figure 1 shows the cross section for the former, i.e., the vector boson fusion (via a gauge vector V = W ± , Z), Higgs-strahlung from the SM-Z boson and the associated production with a top quark pair, the latter being the least effective production mechanism, with cross sections of few fb at most. However, we will show in section II A 2 that this channel can be enhanced by the presence of the Z ′ boson.
These channels are also suitable for producing a pair of Higgs bosons, although with much smaller cross sections. The observation of a Higgs boson pair is crucial to measure parameters of the scalar Lagrangian directly entering in the trilinear and quartic self-couplings [37] [38] [39] , although this requires high statistics and large CM energy. Remarkable in this sense is the possible complementarity between the LHC and LCs, as shown in Refs. [40, 41] . The analysis of the feasibility of these measurements goes beyond the scope of this paper (primarily focused on gauge-scalar interactions), thus this is left for future investigations.
When dealing with Higgs boson pair production in the B − L model, it should be noted that the h 2 → h 1 h 1 decay is open for a large portion of the parameter space, contrary to the case of the Minimal Supersymmetric Standard Model, for instance (where it is important 4 only for very low values of tan β, region that has been constrained at LEP [42] ). Hence, light Higgs boson pair production is enhanced by this channel, and not only because it is resonant, but also because the h 2 − h 1 − h 1 coupling can be large. Figure 2 shows the standard production mechanisms of a pair of light Higgs bosons. In the SM case (or when we neglect h 2 ), they are the same mechanisms for the single scalar production when a further Higgs boson is attached. Noticeably, the light Higgs boson pair can also be originated from the decay of the heavy Higgs boson, with an enhancement of the cross sections of a factor O(10 − 100), depending on the Higgs boson masses. Also, in the latter case the cross sections are constant with m h 1 as long as the h 2 → h 1 h 1 decay is allowed. This is a consequence of having chosen a specific value for m h 2 and that BR(h 2 →
A. Non-standard single-Higgs production mechanisms (and the role of the Z 
, which makes a lepton collider the most suitable environment for testing this model.
The associated production of a Z ′ boson and a Higgs boson
We start by showing the cross section for the associated production of a Higgs boson and a Z ′ boson, . Although in the latter configuration the highest Higgs boson mass that can be produced is smaller than for M Z ′ = 1.5 TeV, the cross sections for this process when the scalar mass is close to 700 GeV (the maximum value considered here) are still above those when a Z ′ boson of 1.5 TeV mass is considered. It is crucial to note that this is the only production mechanism that can potentially lead to the discovery of the heavy Higgs boson in the decoupling limit, i.e., for α → 0. As previously stated, the Higgs-strahlung off Z ′ mechanism is not suitable for the LHC, making a multi-TeV linear collider possibly the ultimate chance for its discovery. This is dramatically different from scalar extensions of the SM in which the gauge content is not changed, as no SM matter couples strongly to the heavy Higgs boson in the decoupling limit, and we will comment on it at the end of this subsection.
Due to the importance of this channel, its discovery potential at future LCs is here presented 1 .
The Z ′ boson mass is assumed to be known from Drell-Yan production (see, for example, Ref. [17] ). Therefore, we first study the effect of ISR on the cross sections for the process of eq. (1). Figure 4 clearly shows a linear dependence on √ s M AX , the CM energy that maximises the cross sections, as a function of the Higgs mass only. Interpolating, we find
Per fixed Higgs and Z ′ boson masses, the discovery potential can be maximised by fixing (that we left undecayed, so that any particular decay mode can easily be implemented).
In analogy with the study of Ref. [17] , the decay of the Z ′ boson into pairs of muons is considered as the most suitable. The total processes read For both the signal and the background, we have assumed standard acceptance cuts (for muons and quarks) at a LC [33] muons:
b quarks:
and a window in the invariant mass distribution of the Higgs decay products has been taken as large as 20 GeV and centred at the Higgs mass, independently of considering the b-quark pair or the W -boson pair final state, to naively simulate the detector resolution. For the muons, we require them to reconstruct the Z ′ boson mass within 3 intrinsic widths, always wider than the di-muon resolution for the values of the gauge coupling here considered [12, 33] . Finally, regarding the b-quark tagging efficiency, it has been assumed to be 62%, according to Ref. [43] . The W -boson reconstruction efficiency has been set to 1 for simplicity. Figure 5 shows the discovery reach of a LC in these conditions, for the production of the light Higgs boson only, as a function of the scalar mixing angle α. The significance plots have been obtained using the same algorithms described in Ref. [18] . We recall here that we define the significance, based on Gaussian statistics, as σ ≡ s/ √ b.
We see that the discovery power for the two decay modes of the light Higgs boson are comparable, with the lower Higgs mass always requiring slightly less integrated luminosity than the heavier mass to probe the same value of the mixing angle, regardless of its actual value. However, we stress again that this is because no decay pattern for the W boson has been implemented. It is straightforward from these plots to obtain those pertaining to the particular W -boson decay mode of interest, by just rescaling the results we present by the squared root of the product of BRs of the two W 's (or by the simple BR if the decay mode is the same for both W bosons). Also, very small angles require high luminosity and big values of g ′ 1 to be probed, excluding α = 0 for which h 1 and Z ′ boson do not couple.
The results for the 3(5)σ discovery potential of (150) (200) The Higgs-strahlung off Z ′ channel is a fundamental process for producing the heavy
Higgs boson for scalar mixing angles close to decoupling, i.e., when 0 < α ≪ 1 rads. In this regime, the standard production mechanisms are least effective, while the Higgs-strahlung from the Z ′ boson delivers the maximum cross sections for h 2 production. Also, when α = 0, the heavy Higgs boson decays only into neutrino pairs, either heavy, light or a combination of the two, depending on the kinematical configuration, as well as into off-shell states. Therefore, depending on its mass, the heavy Higgs could be a very long-lived particle and escape detection, or decay into peculiar multi-lepton and multi-jet final states through heavy neutrino pairs (see, e.g., [12, 19] LCs [32] . Given the good resolution for muons, the precision in the scalar mass measure is expected to be relatively good for the B − L heavy Higgs boson too.
For a non-vanishing, albeit very small, scalar mixing angle, the decay into pairs of SM gauge bosons is dominant, if kinematically allowed (i.e., when m h 2 150 GeV). For smaller masses, the decay into b-quark pairs is favoured. In table II we summarise the 3(5)σ discovery potential for the heavy Higgs boson for scalar mixing angles in proximity of the decoupling regime, i.e., α ∼ 10 −4 rads, for selected values of Z ′ B−L masses and couplings. We stress again here that only a LC could benefit of this mechanism, being the latter precluded at the LHC for whatever value of α. 
Other new Higgs boson production mechanisms via a Z ′ boson
Moving forward, we anticipate that the associated production with a top quark pair can be enhanced exploiting the Z ′ boson. In figures 6a and 6b are shown the cross sections for the associated production of a Higgs boson and a pair of top quarks, for M Z ′ = 500 GeV, 700 GeV and in the case of a much heavier Z ′ boson, hence decoupled, for √ s = 1 TeV. As known, the Higgs boson in this channel can be radiated by both the top (anti)quark and the vector boson, even though the fraction of events with a SM-Z boson is negligible with respect to the top quark pair produced by a photon. Therefore, in the SM, the measurement of the Higgs coupling to the top quark is possible, though difficult because of the small cross sections [44] . We are therefore left to evaluate the relative contribution of the Z ′ boson, to check whether the same situation holds.
Firstly, it is interesting to note that, in the decoupling limit (i.e., for vanishing scalar angle. Notice that for h 1 the angle has to be small (i.e., less than π/5) to allow for this measurement, as only in this case h 1 couples more to the top quark than to the Z ′ boson, though Higgs-strahlung off Z ′ events are still important (the ratio of the two subchannels is in fact < 5%). This situation is exactly specular when the heavy Higgs boson is considered:
when the CM energy is maximal, the associated production with a top quark pair has good cross sections but it does not allow for a direct measurement of the Higgs boson to top quark coupling, that instead is possible for big angles (α 3π/10) when sitting at the Z ′ boson peak. Notice that, in this configuration, the total cross section is independent of the Z ′ boson mass, if the top pair and the Higgs boson can all be produced on-shell. Otherwise, the cross sections are suppressed by the phase space.
Next, a possibility already highlighted in Refs. [12, 19] for the LHC is to use the heavy neutrino as a source of light Higgs bosons. Beside providing a further production mechanism and being a very peculiar feature of the B − L model, it also allows for a direct measurement for the Higgs boson to heavy neutrinos coupling when the decay of the Higgs to neutrino pairs is kinematically forbidden. In contrast to the LHC, where it is hard to be probed given the low cross sections [19] , a LC is the suitable environment to test this mechanism. One reason is that the Z ′ B−L couples dominantly to leptons, as already intimated. Further, the possibility of tuning the CM energy and sitting exactly on the Z ′ boson peak will enhance the Z ′ production cross section by a factor of roughly 10 3 . Another key factor is that the BR of a heavy neutrino into a light Higgs boson and a light neutrino is ∼ 20% (at the very most [12] ), when kinematically allowed. This mechanism is not suitable for the heavy scalar though: since it is heavier than the light one, for sure one would observe the latter first. Altogether, for a Z ′ boson of 700 GeV mass, figure 7a shows the cross sections for the production of a (first generation only) heavy neutrino pair and the subsequent decay of one of them into a light Higgs boson, for two different masses of the heavy neutrino, at √ s = 1 TeV. At this stage, the mechanism is giving O(1 ÷ 10) fb cross sections for a heavy neutrino of 200 GeV mass, decreasing to O(1) fb when a mass of 300 GeV is considered, for a good range in the mixing angle. Figure 7b shows the full potentiality of this model at a LC: by sitting on the Z ′ peak, the heavy neutrino pair production is enhanced by a factor ∼ 10 3 , giving cross sections well above the pb for a large portion of the allowed parameter space, and staying above 10 fb whatever the mixing angle, if allowed (see Ref. [7] ). When Particularly interesting and deserving to be studied on its own is the following new process:
in which the SM-Z boson fakes a Higgs boson. Generally speaking, its cross sections could be quite important (comparable, e.g., to the production of a Higgs boson in association to a W boson pair), making it useful to test the absence of a tree-level h − Z − Z ′ coupling. Figure 11 shows the discovery potential in this case, for the following process:
The results are summarised in 
Other new double Higgs production mechanisms
The high cross sections of figure 7 (and the fact that BR(ν h → h 1 ν l ) ≈ 20%) allows one to consider the case in which both heavy neutrinos decay into a light Higgs boson each. In figure 12 we show this case. Once again, the possibility of tuning the CM energy of the LC to sit at the Z ′ boson peak is crucial to test this mechanism. Without it, the cross sections would be about 0.1 ÷ 1 fb for small values of the scalar mixing angle only. When instead the CM is tuned to the Z ′ boson peak, the cross sections are enhanced and well above the fb level whatever the value for the mixing angle, for h 1 masses kinematically allowed, reaching a few pb (or fractions of pb) for small mixing angles and m h 1 values.
Finally, the two Higgs bosons could be produced together, as shown in figure 13 . Although subleading, this mechanism is peculiar for several reasons: it requires both Higgs bosons to be (simultaneously) significantly coupled to the gauge bosons, it has a very complicated dependence upon α, due to the trilinear and quartic scalar self-couplings, that makes it not invariant under α → π 2 − α (being α the scalar mixing angle) 3 and it is maximum when the mixing is maximal, i.e., for α = π/4. These processes could be important to reconstruct the scalar potential and the whole set of self-interaction couplings, although this goes beyond the aim of this paper and it is left for future investigations. as an input for these channels, provided that also both scalar masses have been measured elsewhere. If so, the deviation of the cross sections from the naive ones (when the two Higgs bosons are produced independently, i.e., neglecting the self-interactions, that would be exactly proportional to sin 2α) will give further indications about the self-interaction couplings. Very high statistics is required for such a study, barely within the potentiality of the next generation of LCs.
III. CONCLUSIONS
We have herein studied the potential of future LCs in establishing the structure of the GeV and (13d) for m h 2 = 500 GeV, for √ s = 3 TeV and several Z ′ masses.
